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© Method and apparatus for molecule detection. 



© A method and apparatus for identifying molecular structures within a sample substance using an array 
having a plurality of test sites upon which the sample substance is applied. Each test site includes a probe 
formed therein to bond with an associated target molecular structure. An electrical signal is applied to the test 
site and the electrical properties of the test sites are detected to determine which probes have bonded to an 
associated target molecular structure. 
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TECHNICAL FIELD OF THE INVENTION 

This invention relates in general to molecule detection, and more particularly to a method and apparatus 
of determining the presence of bound molecules at specific spatial locations in an array. 

5 

BACKGROUND OF THE INVENTION 

In many applications, it is desirable to detect the presence of one or more molecular structures in a 
sample. For example, a DNA or RNA sequence analysis is very useful in genetic and disease diagnosis, 

10 toxicology testing, genetic research, agriculture and pharmaceutical development. Likewise, cell and 
antibody detection is important in disease diagnosis. 

A number of techniques have been developed for molecular structure detection. In DNA and RNA 
sequence detection, two procedures are generally used, autoradiography and optical detection. Auto- 
radiography is performed using 32 P or 35 S. For DNA sequence analysis applications, nucleic acid fragments 

75 are end labeled with 32 P. These end labeled fragments are separated by sizes, then exposed to x - ray film 
for a specified amount of time. The amount of film exposure is related directly to the amount of radioactivity 
adjacent to a region of film. 

The use of any radioactive label is associated with several disadvantages. First, prolonged exposure to 
radioactive elements increases the risk of acquiring genetic diseases, such as cancer. As such, precautions 

20 must be implemented when using radioactive markers or labels to reduce the exposure to radioactivity. 
Typically, workers must wear a device to continually monitor radioactive exposure. In addition, pregnant 
females should take additional precautions to prevent the occurrence of genetic mutations in the unborn. 

Further, the incorporation of a radioactive label into a nucleic sequence increases the complexity and 
cost of the entire sequence analysis process. Although the chemistry is commonplace, it nonetheless 

25 necessitates an additional step. The film exposure also increases the required labor and cost of materials. 
The increase in cost is due to the extra reagents necessary for end labelling, as well as precautionary steps 
necessary for the safe handling of radioactive materials. 

The radioactive detection scheme has sensitivity limitations in both the temporal and spatial domains. 
The use of radioactive labelling currently has a spatial resolution of one millimeter. Additional hardware and 

30 software are required to reduce the spatial resolution below one millimeter. The sensitivity of detection of 
the autoradiographic film is related directly to the amount of time during which the radioactive labelled 
fragments are exposed to the film. Thus, the exposure time of the film may range from hours to days, 
depending upon the level of radioactivity within each detection test site. A ft scanner may drastically reduce 
the time required for film exposure during radiography. However, the use of the ft scanner significantly 

35 increases the expense associated with this type of detection, and has intrinsically poor spatial resolution. 

Optical detection of fluorescent labelled receptors has also been utilized to detect molecular binding. 
Briefly, for DNA sequence analysis applications, a base - specific fluorescent dye is attached covalently to 
the oligonucleotide primers or to the chain terminating dideoxynucleotides. The appropriate absorption 
wavelength for each dye is chosen and used to excite the dye. If the absorption spectra of the dyes are 

40 close to each other, a specific wavelength can be chosen to excite the entire set of dyes. 

A separate optical detection technique involves the use of a dye, for example, ethidium bromide, which 
stains duplexed nucleic acids. The fluorescence of these dyes exhibits an approximate 20 -fold increase 
when it is bound to duplexed DNA or RNA, when compared to the fluorescence exhibited by unbound dye, 
or dye bound to single - stranded DNA. This type of dye is used to detect the presence of hybridized DNA 

45 (or RNA) during a hybridization experiment. Although the use of optical detection methods increases the 
throughput of the sequencing experiments, the disadvantages are serious. 

The various dyes employed in using fluorescent labelled molecules have been shown to be mutagenic 
and, hence, carcinogenic. For example, ethidium bromide can intercalate into human DNA, and during 
replication, specific regions of DNA may not be replicated exactly. Proper precautions, such as gloves and 

so careful experimental techniques, can provide the worker with protection against dye penetration. However, it 
is advantageous to reduce the exposure to these mutagenic agents. In addition, pregnant females should 
take extra precautions to prevent the occurrence of genetic mutations in the unborn. 

Incorporation of a fluorescent label into a nucleic acid sequence increases the complexity and cost of 
the entire process. Although the chemistry is commonplace, it necessitates an additional step. The increase 

55 in cost is due to the extra reagents necessary for fluorescent labeling, as well as precautionary steps 
necessary for safe handling of mutagenic materials. 

Furthermore, the use of multiple fluorescent dyes may affect the electrophoretic mobility of the labelled 
molecules. Scientists have found that a mobility correction factor is required for the sequence data because 

2 
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the fluorescent dyes influence the electrophoretic mobility of the nucleic fragments to which they are bound. 
The use of an optical detection method almost always necessitates the use of a laser with one or more 
lines. Extra precautions, depending upon the chosen wavelength, must be taken to ensure safe operation of 
the laser. Depending upon the required output power, this investment may range from a few hundred to 
5 many thousands of dollars. 

Aside from the laser, additional hardware must be purchased for the operation of a fluorescent - based 
system. For example, a fluorescent detector and optics which transmit the fluorescent data to the detector 
are necessary elements of this system. If multiple excitation emission wavelengths are chosen, then a 
control system must be included to select the proper wavelength associated with a particular dye. 
w Additionally, the fluorescent dyes must be purchased from a vendor. 

Therefore, a need has arisen in the industry for a safe, low -cost, fast and accurate method and 
apparatus for detecting molecular structures at reduced complexity. 

SUMMARY OF THE INVENTION 

75 

In accordance with the present invention, a method and apparatus for operable to simultaneously detect 
multiple molecular structures is provided which substantially eliminates or prevents the disadvantages and 
problems associated with prior devices. 

In the present invention, a substance is applied to a plurality of test sites, each test site having a probe 

20 formed therein capable of binding to a known molecular structure. Electrical signals are collectively applied 
to the test sites, and electrical properties of the test sites are detected to determine whether the probe has 
bonded to an associated molecular structure. 

The present invention provides significant advantages over the prior art. First, the exposure to 
radioactive elements, mutagenic fluorescent dyes, or other dangerous materials is eliminated. Second, the 

25 use of the present invention greatly reduces time and materials, because the sample substance is simply 
added to the test sites and allowed to bind using a minimal sample and minimal test reagents. The training 
time to instruct workers on use of the present invention is minimal. Additionally, the sensitivity limit can be 
reduced to the dimensions of the microfabricated test site which is estimated to be as small as one square 
micrometer. The present invention has been shown to provide a factor of ten in discrimination between 

30 bonded and non- bonded single - stranded DNA fragments, wherein the intercalating dye optical approach 
provides only a factor of three. 

BRIEF DESCRIPTION OF THE DRAWINGS 

35 For a more complete understanding of the present invention, and the advantages thereof, reference is 
now made to the following descriptions taken in conjunction with the accompanying drawings, in which: 

FIGURE t illustrates a schematic representation of a detection/sequencing apparatus; 

FIGURES 2a -b illustrate exemplary test wells for use in the array of FIGURE 1; 

FIGURE 3 illustrates bonding of targets to probes within a test site; 
40 FIGURE 4 illustrates bonding of a synthetic DNA probe to a target DNA sequence; 

FIGURE 5 illustrates a graph of dispersion as a function of frequency representative of bonded and 

unbonded test sites; 

FIGURE 6 illustrates a test well for detection of antibodies in a sample; and 
FIGURE 7 illustrates a test site for detecting specific cell types in a sample. 

45 

DETAILED DESCRIPTION OF THE INVENTION 

The preferred embodiment of the present invention and its advantages are best understood by referring 
to FIGURES 1 - 7 of the drawings, like numerals being used for like and corresponding parts of the various 
50 drawings. 

FIGURE 1 illustrates a preferred embodiment of the present invention used in connection with RNA and 
DNA sequencing. As described hereinbelow, the present invention may also be used for cell detection and 
antibody detection. 

The sequencer 10 comprises an array 12 of test sites 14 surrounded by ring 15, detection circuitry 16 
55 and recognition circuitry 18. In the preferred embodiment, array 12, detection circuitry 16 and recognition 
circuitry 18 are implemented as a single integrated circuit. 

In operation, the test sites 14, described in greater detail hereinbelow, are formed in a semiconductor 
wafer using standard photolithographic techniques. Each test site contains a plurality of probes, which are 
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capable of binding to known molecular structures (hereinafter "target"). The targets could comprise, for 
example, biopolymers, such as polynucleotides, DNA, RNA, cells, or antibodies. For the case of a RNA and 
DNA sequencer, the synthetic probes may comprise, for example, oligonucleotides. Different probes are 
used in test sites 14 for simultaneous detection of a plurality of different targets within a single array 12. 

5 When a sample substance containing the targets in an electrolytic solution is poured into ring 15, the 
targets bind with associated probes within test sites 14. After sufficient time for binding, the surface is 
rinsed to remove excess targets or other unbound molecular structures. The remaining target structures will 
be, for the most part, bound to the probes attached to the microfabricated array 12 at specific test sites 14. 
Each test site 14 is subsequently interrogated electronically by the detection circuitry 16 to determine 

w whether targets have bound in that test site. The detection circuitry 16 may be either on-chip or off -chip. 
Each test site 14 is then addressed by the detection circuitry 16. Test sites having bound targets will have 
changed electrical parameters, which may be detected. Thus by electronic addressing, the detection of 
specific target/probe bindings is achieved at each test site 14 within the microfabricated array 12, thereby 
determining the composition of the targets that are present within the sample substance. 

75 The recognition circuitry 18 is specific to the DNA sequencing. The recognition circuitry 18 performs a 
sequence analysis (described below) based on the composition of the targets (nucleic acids) detected by 
the detection circuitry 16. Other circuitry for processing information related to target detection may be 
provided for other applications. 

20 Test Sites 

Exemplary test sites 14 are shown in FIGURES 2a -b. Many such test sites would be formed on a 
single substrate to simultaneously detect a plurality of targets. In FIGURE 2a, a well 20 is formed in a layer 
of insulating material 22, such as silicon dioxide. A first plate 24a that serves as an capacitor plate is formed 

25 at the bottom of the well. In this embodiment, ring 15 is formed from a conductive material, and acts as 
second plate 24b of a capacitor. Probes 26 are formed on electrode plate 24a. 

FIGURE 2b illustrates a similar structure. Again, a well 20 is formed in an insulating layer 22. First and 
second plates 24a and 24b are formed on two sides of the well to serve as a localized electrode pair. 
Probes 26 are attached to the bottom of the well. 

30 In use, targets from the sample substance bind to the probes 26 in the respective test sites 14. As the 
targets 28 bind to the probes 26 (see FIGURE 3), the dielectric properties associated with the well 20 will 
change. The structure of FIGURE 2a forms a capacitor between the plate 24a and a ring 15 (second plate 
24b) 24b. Similarly, the test site 14 of FIGURE 2b forms a parallel plate capacitor between plates 24a and 
24b. The material under test acts as the dielectric located between the two plates. 

35 Changes in the dielectric properties of the capacitors formed by the test sites 14 of FIGURES 2a -b are 
detected by detection circuitry 16 after binding of the sample substance. For illustration, a specific 
embodiment of the detection method and device is discussed in detail for detecting hybridized DNA for 
DNA sequence analysis. In this application, the device detects the binding of target DNA to known 
oligonucleotide probes 26 placed strategically on a microfabricated substrate, such as those shown in 

40 FIGURES 2a - b. The bonding mechanism is shown in FIGURE 4. 

DNA/RNA Sequencing Processing 



Subsequent processing of the pattern of target DNA/probe binding can be used to determine the linear 
45 sequence of nucleic bases. 

Table I shows an exemplary list of 8 -base synthetic oligonucleotide probes for which binding might be 
detected responsive to a target single strand (16 base) DNA molecule. The array would contain all possible 
8 -base probes. The nine detected 8 -base probes are correlated by recognition circuitry performs an 
overlapping algorithm to arrange the 8 -base sequences as shown in Table II. The DNA target can thus be 
so determined to be 3' - ATCGCTTACGGTAATG-5* by taking the complement of the resultant 16 -base 
overlapping sequence. 



55 
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TABLE I 

Detected 8-Base Synthetic Oligonucleotide Probes 
(Alphabetical Order 5' -3') 

5 

AATGCCAT 
AGCGAATG 
ATGCCATT 
CGAATGCC 

io GAATGCCA 

GCCATTAC 
GCGAATGC 
TAGCGAAT 
TGCCATTA 



75 



TABLE II 

Overlapping Sequences of 8-Base Probes 



20 5' -TAGCGAAT 

AGCGAATG 
GCGAATGC 
, CGAATGCC 
GAATGCCA 

25 AATGCCAT 



ATGCCATT 
TGCCATTA 
GCCATTAG-3' 



30 5 ' -TAGCGAATGCCATTAG-3 ' 



Detection 

35 

Detecting the presence of target DNA in the test site 14 on the array 12 is simply a binary decision - 
whether or not the target DNA 28 has bound to a particular DNA probe 26. The DNA target is substantially 
longer than the synthetic probe 26 (for example, a 100 base target DNA compared to an 8 base probe). 
Therefore, as a result of the binding, the physical properties of the test site 14 changes because of the 

40 increased DNA mass and the reorientation of counter -ions in the solution. 

The detection circuitry 16 can rapidly detect a change in the local electrical properties at each test site 
14 likely caused by counter -ion reorientation. Traditionally, electrical properties of materials in the 
frequency range from DC to MHz have been characterized by conductance o (ease in which collective 
charge carriers can be moved under the influence of an electric field) and permittivity e (amount in which 

45 localized charge distributions can be reoriented under the influence of an electric field). For materials with 
low conductance, such as dielectrics, characterization is primarily made by measuring the dielectric 
constant, or equivalents, relative permittivity e. The dielectric constant is independent of the sample size, 
and hence, serves as a characteristic material property. However, the dielectric constant often exhibits a 
frequency dependent effect - dielectric dispersion - due to the progressive inability of the local dipole 

50 charge distributions to reorient themselves with an applied alternating electric field of increasing frequency. 
As a consequence, the specific polarization of the material "relaxes" at a frequency / r , resulting in a 
decreased dielectric constant. This relaxation frequency is related to the relaxation time t = 1/2?r/ r which is 
the time required for e~ 1 of the dipoles to align themselves to an instantaneously applied electric field. The 
permittivity may be expressed as a frequency dependent complex number (see Debye, P., Polar Molecules, 

55 The Chemical Catalog Co., New York, (1929)), which is incorporated by reference herein: 

7(a>) = 6« + (A*/(1 +jo)T)) 
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where is the relative permittivity measured at a significantly high frequency at which no polarization 
occurs, and Ae=e s -t«, where e s is the static (DC) relative premittivity. Alternatively, the permittivity can be 
expressed in real and imaginary form as: 

€(u>) = e„ + (* £ (l-j W f)/(l+ u V) 

= ( €<o +0W(l+ w V))) -;(W(1+ W 2 r 2 )) 
10 = £ --;V 

where e' represents energy storage (lossless exchange of energy between electric field and sample) and e" 
represents energy loss (energy lost from electric field and absorbed in the material usually in the form of 
75 heat). Also a dissipation factor 

can be defined representing the relative dissipation or absorption properties of the material. Several 
measurement techniques are available for obtaining these desired dielectric values (see von Hippel, A., 
Dielectrics and Waves , Wiley, New York (1954), which is incorporated by reference herein). Most mea- 
surement techniques involve constructing a relatively large test fixture that resembles a parallel plate 
capacitor. The material under test is sandwiched between two electrode plates, each of area A and 
separated by a distance d. With d«y/A, a near uniform electric field is produced through the material with 
low fringe field effects, and subsequent capacitance measurements yield the real part of the complex 
permittivity 

i f = (Cd)t(Ae 0 ). 

The imaginary part can be obtained by measuring the dissipation factor D. 

Utilizing a four -terminal parallel plate test fixture, the electrical properties of DNA in a low concentra- 
tion aqueous solution can be obtained. Four -terminal fixtures are typically used in dielectric measurements 
to minimize unwanted residual factors arising from self and/or mutual induction between the leads. Graphs 
of DNA dielectric dispersion represented by c' and «" are well known and are described in greater detail in 
Takashima, S., J. Mol. Biol. 7:455-467 (1963), which is incorporated by reference herein. The dispersion 
arises from the negatively charged phosphate groups assembled in the backbone of the DNA molecule 
which attract the counter -ions in the solution. Although the DNA has no helix dipole moment (since it is a 
simple linear polyphosphate), a large dipole is induced from the counter ions in the solution being 
reoriented along the DNA backbone under the influence of an applied electric field. The dispersion, and 
hence relaxation frequency, is dependent upon the ion mobility, permittivity of the surrounding ionic 
medium, and the length of the DNA according to 

f r = (2uz<fh<)/L 2 

where: 

L is the effective molecular length of the DNA, 
q is the electron charge, 
l± is the counter - ion surface mobility, 
z is the number of ions in the surrounding ionic solution, and 
e is the effective permittivity of the surrounding ionic solution of z ions. 
Thus, a factor of 10 change in effective DNA base length representing the variation from a nonhybridized 
state (10mer DNA probe) to a hybridized state (10mer DNA probe hybridized with a 100 base single - 
stranded DNA target molecule) corresponds to a factor of 100 change in relaxation frequency. Thus, the 
dielectric relaxation frequency obtained through dielectric measurements is a distinguishable detection 
mechanism for hybridization. 

The limitation to applying conventional relaxation measurement approaches to hybridization detection is 
the requirement of a relatively large parallel plate test fixture for each probe site. Coupled with the relatively 
long time (seconds) required for recording the measurements and extracting the relaxation frequency, use 

6 
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of conventional large plate test fixtures is impractical for DNA sequence analysis applications. 

The microfabricated device and detection technique disclosed enables fast detection of hybridization for 
large DNA probe arrays. Essentially micro -sized dielectric test fixtures as shown in FIGURES 2a -b, are 
embedded in a conventional microelectronic substrate using standard photolithography etching techniques. 

5 In FIGURE 2a, a suitable microelectrode forms the base of the test fixture with an approximate area of 
100um 2 . Synthetic oligonucleotide probes 26 are attached to the base microelectrode. As the longer DNA 
ligand 28 is washed onto the surface, hybridization will occur in only those miniature test sites 14 on the 
chip which contain complementary DNA probe molecules. The resulting wells containing bound DNA exhibit 
different electrical properties, hence providing the detection mechanism. 

70 By applying a signal of varying frequency to each of the test sites, the relaxation frequency of the test 
site can be determined. The resultant relaxation frequency will indicate whether or not bonding has occurred 
within the test site. An exemplary graph of dispersion as a function of frequency representation of bonded 
and unbonded test sites is shown in FIGURE 5. Whether a test site is bonded or unbonded can be 
determined either by scanning a range of frequencies to determine the relaxation frequency or by applying 

75 discrete frequencies to the test site and comparing the dispersion (D) at each frequency. At a minimum, two 
frequencies must be applied, the expected relaxation frequency of an unbonded test site and the expected 
relaxation frequency of a bonded test site. 

Probes 

20 

One method of forming the array 12 uses probes attached to the test sites 14 in a test array 12. 
Different probes can be attached to the test sites 14 according to the type of target desired including the 
use of oligonucleotides, single or double stranded DNA or RNA, antibodies or antigen - antibody complexes, 
tumor cells and other test probes known to those of skill in the art. The probes are attached to the test sites 

25 by fixation to a solid support substrate on the surface of the wells 20, or alternatively, attached directly to 
the plates. For example, the probes could be attached directly to plate 24a of FIGURE 2a or to plates 24a- 
b of FIGURE 2b. The solid support substrates which can be used on the surface of the wells 20 include 
inorganic substrates such as glass, polystyrenes, silicon dioxide, and silicon nitrate. The solid support 
substrates must be functionalized to create a surface chemistry conducive to the formation of covalent 

30 linkages with the selected probes. As an example, a glass support can be functionalized with an epoxide 
group by reaction with an epoxy silane. The epoxide group on the support reacts with a 5' -amino - 
derivatized oligonucleotide probe to form a secondary amine linkage, as described in Parkam and Loudon, 
BBRC 1:1-6 <1978) T which is incorporated by reference herein. Formation of this covalent linkage attaches 
the probes 26 to the support surface in the desired array. Examples of functionalized polystyrene surfaces 

35 include 5' aldehyde or carboxylic acid derivatives coupled to hydrazide - activated polystyrene as described 
in Kremsky, et at. (1987) Nucl. Acids Res. 15:2891 -2909, and 5' amino derivatives coupled to polystyrene 
which has been activated by diazotization and 5' phosphate derivatives coupled to amino -functionalized 
polystyrene as describe in Lund, et al. (1988) Nucl. Acids Res. 16:10861 -10880, both articles being 
incorporated by reference herein. 

40 For direct attachment of probes to the plates 24a -b, the plate surface must be fabricated with materials 
capable of forming conjugates with the probes. Materials which can be incorporated into the surface of the 
plates to provide for direct attachment of probes include electrometal materials such as gold, niobium oxide, 
iridium oxide, platinum, titanium and other metals. These electrometals are capable of forming stable 
conjugates directly on the plate surface by linkages with organic thiol groups incorporated into the probe as 

45 described in Whitesides, et al. (1990) Langmiur 6:87-96 and Hickman, et al. (1991) J. Am. Chem. Soc. 
113:1128-1132, both of which are incorporated by reference herein. As an example, a synthetic DNA 
probe labeled with a thiol group at either the 5' or 3' end will form a stable conjugate with a metal such as 
gold in the plate surface to create an array of directly attached probes. 

In preliminary work, functionalized solid support substrates were prepared by incorporating an 

so epoxide - amine chemistry onto a glass solid support followed by coupling to oligonucleotide probes with a 
primary amine at the 5' terminus (NH2 -(CH2)&). Glass plates are cleaned by soaking in concentrated nitric 
acid, followed by rinsing with water and ethanol, then baking at 150*C for several hours. Plates are rinsed 
thoroughly with chloroform and acetonitrile and stored under vacuum in a desiccator. The surface is then 
uniformly silanized by treatment with 10% dichloridi - methylsilane in toluene overnight, followed by rinsing 

55 with methanol. An array of wells (1mm in diameter and 0.25mm deep) is then drilled into the surface to 
expose fresh nonsilanized glass. Wells are cleaned with nitric acid, followed by rinsing with water and 
ethanol and baking at 80 *C overnight. The glass surface of the wells is then derivatized with gam- 
maglycidoxypropyltrimethoxysilane (epoxysilane). Among the solvent systems investigated, a 90% epox - 
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ysilane containing 10% diisopropyl -ethylamine appeared to give the highest density of active epoxide. 

Another method of forming the array involves fabricating the probes on the substrate, which may be 
better suited for larger arrays. On-chip synthesis of probes is described in PCT International Publication 
Number WO 90/15070, entitled "very Large Scale Immobilized Peptide Synthesis" to Pirrung et al., 
5 assigned to Affymax Technologies, having an International Publication Date of December 13, 1990, which is 
incorporated by reference herein. 

Applications 



to Commercial applications of the present invention with regard to DNA and RNA detection include genetic 
research, genetic and infectious disease diagnosis, toxicology testing, individual identification, agriculture 
identification and breed optimization, quality assurance through contaminant detection, and occupational 
hazard screening via mutation detection. 

There are currently estimated to be 4,000 to 5,000 genetic diseases in humans, in which a mutational 

75 change in a gene destroys or hinders the function of a gene product, leading to a serious medical condition. 
The affected genes and proteins (gene products) have thus far been identified for a small fraction of human 
genetic diseases, although the number is increasing steadily. A few examples of human genetic diseases 
for which mutations associated with the disease have been identified include cystic fibrosis, phenyl- 
ketonuria, Alzheimers' disease, cancer, Duchenne muscular dystrophy, and familial hypercholesterolemia. 

20 Although, in some cases, the disease is associated with one or very few specific mutations, it is becoming 
evident that many, if not most genetic diseases can be caused by any of numerous mutations, scattered 
along the affected gene. In the former case, the presence of a defective gene can be detected through the 
use of simple DNA hybridization detection tests in which a synthetic DNA probe is used to discriminate 
between a wild type and mutant DNA sequence. In the latter case, a substantial DNA sequencing effort is 

25 required to search through an entire gene for mutations that may be associated with a disease. 

The importance of detecting mutations within disease- linked genes lies in both the ability to screen for 
carriers of recessive genetic diseases, leading to genetic counseling and informed reproductive decisions, 
and the means for making prenatal diagnoses which can enable therapeutic intervention. By appropriate 
choice of oligonucleotide probes, the sequencer 10 leads to a new gene - targeted DNA sequencing 

30 procedure which rapidly detects any mutation within a target gene, facilitating the diagnosis of genetic 
diseases and identification of carriers, especially when a variety of different mutations may cause the 
defect. Perhaps even more important is the rapid, high throughput nature of the procedure which promises 
to facilitate population studies aimed at discovering which mutations within a target gene are actually 
associated with a disease and which mutations represent harmless polymorphisms. This information is 

35 expected to lead to simplification of the technology for specific detection of disruptive mutations, and 
valuable structure -function relationships that facilitate the development of therapeutics. 

The present invention is not limited to genetic diseases; it may be used for rapid, high throughput 
identification of infectious agents. Each species or strain of a virus or micro-organism is predicted to yield 
a unique, diagnostic pattern of hybridization within an array 1 2. 

40 The gene - targeted mutation detection described above will also have important uses in environmental 
research, for example, the detection of mutations induced by chronic exposure of cells to chemical agents. 
Similarly, the present invention may be used for individual monitoring of employees who may be exposed 
to chemicals or radiation in the workplace (e.g., through periodic screening for mutations in populations of 
circulating lymphocytes). An important application of this technology will be the development of a predictive 

45 model of mutagenic risk via the characterization of large scale and point mutations in specific genes, such 
as that for hypoxanthine - guanine phosphoribosyltransferase (HPRT). 

High density arrays will find numerous uses in genome sequencing, and will likely play an important 
role in the current Human Genome Project (HGP) effort to determine the entire sequence of 3 billion base 
pairs in the human genome. More importantly, however, is the new human genome projects that will arise 

50 because of the availability of fast, high throughput sequencing technology. There will be a need to conduct 
repetitive DNA sequence analysis of important parts of the human genome derived from large numbers of 
individuals, in order to characterize complex multi-gene disease conditions and other genetic traits. This 
activity will persist long after the current HGP is completed and will bring revolutionary progress in 
biomedical sciences. 

55 Another potential use of the present invention is in "DNA typing", in which DNA sequence differences 
between individuals are analyzed. The sequencer of the present invention for simultaneously screening 
large numbers of polymorphic markers in the DNA of an individual has tremendous advantages over the 
current technique of restriction fragment length polymorphism (RFLP) analysis, which is time consuming 
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and laborious. DNA typing can play an important role in forensics and paternity testing. In addition, there is 

interest in DNA typing all personnel in the armed services. 

As valuable new plants and livestock are developed by genetic engineering, there will be a need for 

DNA typing to verify the source and ownership of agricultural products. The sequence information that will 
5 come from genome sequencing in humans, plants and animals will lead to increased application of genetic 

engineering techniques to develop pharmaceutical agents and create improved crops and livestock. 

Examples include strains that are more resistant to disease and harsh climates, as well as crops that have a 

greater yield or higher nutritive value. 

The present invention can be used in connection with detection of targets which are molecular 
w structures other than DNA or RNA, such as cells and antibodies. Table III sets forth feasible probe types for 

other molecular structures serving as targets. The stated probe types are not meant to be exclusive. 

TABLE III 



Probe Types 


Target 


Probe 


DNA, RNA 

Antibody 

Cell 

Hormone receptor 
Aviden 

Immunogobulin 

Enzyme 

Lectins 


Oligonucleotide 

Antigen (peptide), anti - antibody 

Antibody, protein 

Hormone 

Biotin 

Protein A 

Enzyme Factor 

Specific Carbohydrate 



When the detector employs peptides or other antigens as probes, it can be used to detect antibodies in 
biological fluids, as shown in FIGURE 6. 
30 In this embodiment, a peptide antigen (the probe 26) is affixed to the solid support, employing a 
bifunctional crosslinker such as one with a silane at one end and an epoxide or other peptide specific group 
at the other. 

The treated surface is then incubated with a fluid containing antibody (the target 28). Because 
antibodies are large macromolecules (150,000 to 950,000 MW, depending on class), the resulting 
35 target/probe interaction is associated with a large change in dielectric relaxation process. The magnitude of 
the effect can be additionally amplified by treating the target/probe complex with a second antibody which 
is specific for the target antibody, thereby creating a very large complex. 

The affinity and selectivity of antibody/antigen and antibody -antibody interaction are well known and 
are the basis for an existing class of biotechnology (ELISA assays, immunohistochemistry, and others). The 
40 technology described here employs those well understood binding interactions in a new microelectronic 
detection scheme. 

The commercial application of the methodology is that it could be used to detect the presence of 
hundreds or thousands of different antibodies or other proteins, simultaneously, in a blood sample or other 
cellular fluid. This is particularly useful in blood typing, the detection of viral infection such as AIDS, or the 
45 diagnosis of cancer. It would also be very useful as a research tool. It would replace or augment the use of 
ELISA assays and other biochemical methods to detect antibody/antigen interaction. 

When the detector employs as a probe, peptides, antibodies or other molecules which bind to cells, it 
can be used to detect specific cell types in biological fluids as shown in FIGURE 7. 

In this embodiment, the probe 26 comprises an antibody, protein or other molecule which is known to 
so bind to the cell surface. The target 28 in this case is an intact cell having receptors 30 for bonding with the 
probes 26. 

A fluid solution containing cells is added to the detector. Subsequent to the target/probe binding 
interaction, binding gives rise to detector wells which are coupled to a cell. Since cells do not conduct 
current and display low frequency dielectric relaxation, binding of a cell can be detected by either a change 
55 in absolute conduction in a well (a modification of the Coulter principle) or by the induction of a low 
frequency dielectric relaxation effect. 

The commercial application of the methodology is that it could be used to detect the presence of cells 
with altered cell surface properties, especially cells in the blood or other bodily fluids. Cells from solid 



9 



EP 0 543 550 A1 



tissues could be analyzed subsequent to standard tissue dispersement methods. Such a detector would be 
useful in the diagnosis of viral infection and for cancer diagnosis, as well as a scientific research tool. It 
would serve as a replacement for the use of fluorescence microscopy (immunohistochemistry) and 
fluorescence activated cell sorting. 

5 Current microfabrication techniques enable inexpensive construction of multimegabit memories that 
exhibit uniform densities and properties. Hence arrays containing potentially millions of individual biological 
test wells or sites can be miniaturized comparable to standard electronic devices at a similar cost. For 
example, a 1cm x 1cm array could easily be fabricated containing one million biological test sites. 
Moreover, the uniform electrical properties of the devices fabricated in such manner enhance the detection 

io sensitivity beyond many other approaches. 

One important advantage of the microfabricated device described above is that the detection method 
provides direct detection of target/probe molecular binding. Hence no toxic fluorescent or radioactive marker 
need be attached to the targets or probes. Rather, only an electrical distribution differential must be 
experienced for detection. Such an electrical distribution differential naturally occurs for many targets/probes 

75 binding, such as DNA and RNA to an oligonucleotide. However, if the differential upon bonding is weak or 
nonexistent, a charged molecular marker can be attached to the target. Specifically for the DNA hybridiza - 
tion detection embodiment, the direct detection method involves measuring the dissipation factor for the 
target/probe complex at each of the test sites in the array. The dissipation factor is a frequency 
discriminant. That is, detection is observed by a change in frequency characteristics, as opposed to a 

20 change in magnitude characteristics which can be obscured in time as the microfabricated array is exposed 
to the corrosive biological solutions. Thus, the device may be cleaned and reused a number of times 
without affecting its accuracy. Although the method of detection will withstand some corrosion of the plates 
24a - b, a passivation layer can be employed to coat the plates for even longer use. 

Another advantage of the present invention is that the electronic circuitry used to interrogate the test 

25 sites to perform the detection measurements can be fabricated directly on the wafer containing the 
biological array. Switch matrices, signal processing circuitry, and energy sources could all be incorporated 
on the same chip to facilitate rapid detection across the array. Consequently, the incorporation of active 
circuitry on the wafer would also greatly reduce the cost of experimentation. 

The present invention eliminates the most important problems associated with the prior art. First, the 

30 exposure to either radioactive elements or mutagenic fluorescent dyes is eliminated. As such, the amount of 
hazards to which workers are exposed is greatly reduced. Second, the incorporation of a radioactive or 
fluorescent label into a nucleic acid sequence is not required. Thus, the present invention reduces both the 
required time and materials. The sample solution containing potential targets is simply added to the known 
probes on the array and allowed to bind. Worker training time would be reduced since these detection 

35 devices could be used by workers with minimal training. 

Third, the sensitivity limit is reduced to the dimensions of microfabricated test site 14 (which can be as 
small as 1 micrometer 2 ). The sensitivity limitation of radiographic film and the electrophoretic mobility of the 
fluorescent dyes is not an issue. Rather, the density of the probes 26 attached at the test site 14 directly 
determines the sensitivity. The microelectronic method has been shown to provide a factor of ten 

40 discrimination between short (nonhybridized) and long (hybridized) single -stranded DNA fragments, 
whereas the intercalating dye optical approach provides a factor of three. 

Fourth, the elimination of radiographic film reduces the time required since film exposure is not 
required. Sample preparation time is reduced greatly since the nucleic acid fragments need not be labeled. 
The detection method is quick; the measurements can be performed as soon as sufficient molecular binding 

45 is completed. Furthermore, the measurement process can be automated via microprocessor control to 
provide a very fast method of accessing each test site in the array. 

Fifth, the microelectronic technology incorporated into these types of detection devices will drastically 
reduce the price for such experimentation. Essentially, the efficient mass production techniques employed 
in making megabit memory chips and megapixel CCD imaging chips can be employed. The hardware 

50 necessary for radioactive labeled techniques (j8 scanner) or for the fluorescent - based techniques (laser, 
CCD camera, PMT, optics, etc.) is not required. 

Although the present invention and its advantages have been described in detail, it should be 
understood that various changes, substitutions and alterations can be made herein without departing from 
the spirit and scope of the invention as defined by the appended claims. 

55 
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Claims 

I. A method for identifying molecular structures within a sample substance, comprising the steps of: 

applying the substance to a plurality of test sites, each test site having a probe formed therein to 
5 bond with an associated target molecular structure; 

applying an electronic signal to the test sites; and 

detecting electrical properties of the test sites to determine which probes have bonded to an 
associated target molecular structure such that a plurality of different targets can be detected. 

10 2. The method of Claim 1 wherein said applying step comprises the step of applying the substance to a 
plurality of test sites, each test site having an oligonucleotide probe formed therein. 

3. The method of Claim 1 wherein said applying step comprises the step of applying the substance to a 
plurality of test sites, each test site having an antibody probe formed therein. 

75 

4. The method of Claim 1 wherein said applying step comprises the step of applying the substance to a 
plurality of test sites, each test site having an anti -antibody probe formed therein. 

5. The method of Claim 1 wherein said applying step comprises the step of applying the substance to a 
20 plurality of test sites, each test site having a peptide probe formed therein. 

6. The method of Claim 1 wherein said step of detecting step comprises the step of detecting the 
dielectric properties of the test site. 

25 7. The method of Claim 1 wherein said step of applying an electronic signal comprises the step of 
applying a signal over a predetermined range of frequency. 

8. The method of Claim 7 wherein said detecting step comprises the step of detecting a relaxation 
frequency within said range. 

30 

9. The method of Claim 8 wherein said detecting step further comprises the step comparing said detected 
relaxation frequency to a known frequency for a test site with unbonded probes. 

10. The method of Claim 1 wherein said step of applying an electronic signal comprises the step of 
35 applying a signal at predetermined discrete frequencies. 

II. The method of Claim 10 wherein said detecting step comprises the step of comparing the dispersion of 
the test site at said predetermined frequencies. 

40 12. The method of Claim 1 and further comprising the step of determining a structure based on the test 
sites having bonded probes. 

13. Apparatus for identifying molecular structures within a sample substance, comprising: 

a plurality of test sites, each test site having a probe operable formed therein to bond with an 
45 associated target molecular structure; 

circuitry for applying an electronic signal to the test sites; and 

circuitry for detecting electrical properties of the test sites to determine which probes have bonded 
to an associated target molecular structure. 

so 14. The apparatus of Claim 13 wherein one or more of said probes are operable to bond with a DNA 
molecule. 

15. The apparatus of Claim 13 wherein one or more of said probes is operable to bond with an RNA 
molecule. 

55 

16. The apparatus of Claim 14 wherein said one or more probes comprise oligonucleotide probes. 

17. The apparatus of Claim 13 wherein one or more of said probes are operable to bond with a cell. 
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18. The apparatus of Claim 17 wherein said one or more probes comprise antibody probes. 

19. The apparatus of Claim 13 wherein one or more of said probes are operable to bond with an antibody. 
5 20. The apparatus of Claim 19 wherein said one or more probes comprise anti - antibody probes. 

21. The apparatus of Claim 20 wherein said one or more probes comprise peptide probes. 

22. The apparatus of Claim 13 wherein said test sites comprise: 
w a material layer having a plurality of wells formed therein; 

probes for binding with a desired molecular structure formed in each well; 
capacitors formed adjacent to said well. 

23. The apparatus of Claim 22 wherein said capacitors each comprise a plate formed in each well which is 
T5 capacitively coupled to a ground plate common to each well. 

24. The apparatus of Claim 23 wherein said capacitors each comprise first and second plates formed on 
the sidewalls of the wells. 

20 25. The apparatus of Claim 13 wherein said detecting circuitry comprises circuitry for detecting the 
dielectric properties of the test sites. 

26. The apparatus of Claim 13 wherein said circuitry for applying an electronic signal comprises circuitry 
for applying a signal over a predetermined range of frequency. 

25 

27. The apparatus of Claim 26 wherein said detecting circuitry comprises circuitry for detecting a relaxation 
frequency within said range. 

28. The apparatus of Claim 27 wherein said detecting circuitry further comprises circuitry for comparing 
30 said detected relaxation frequency to a known frequency for a test site with unbonded probes. 

29. The apparatus of Claim 13 wherein said circuitry for applying an electronic signal comprises circuitry 
for applying a signal at discrete predetermined frequencies. 

35 30. The apparatus of Claim 29 wherein said detecting circuitry comprises circuitry for comparing the 
dispersion of said test site at said discrete predetermined frequencies. 

31. The apparatus of Claim 13 and further comprising circuitry for determining a structure based on the 
test sites having bonded probes. 



40 



32. The apparatus of Claim 13 wherein said test sites are formed on a semiconductor surface. 



33. An integrated circuit for identifying molecular structures within a sample substance, comprising: 
a plurality of test sites; 

45 probes formed in respective of said test sites, said probes being of various structures in order to 

bond with respective predetermined molecular structures; and 

circuitry for detecting electrical properties of the test sites to determine whether the probes 
associated with the test sites have bonded with the respective predetermined molecular structures. 

so 34. The integrated circuit of Claim 33 and further comprising processing circuitry for processing information 
from said detecting circuitry. 

35. The integrated circuit of Claim 33 wherein each of said test sites comprise first and second conducting 
plates formed with a well, said probes being disposed between said conductive surfaces. 

55 

36. The integrated circuit of Claim 35 wherein said first and second plates are substantially parallel. 
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37. The integrated circuit of Claim 35 wherein said detecting circuitry is operable to generate a signal over 
a range of frequencies to said plates of each of said test sites and measure dispersion responsive 
thereto. 

5 38. The integrated circuit of Claim 35 wherein said detecting circuitry is operable to generate a signal at 
discrete frequencies to said plates of each of said test sites and measure dispersion responsive thereto. 
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